ABSTRACT: Yellowtail flounder Lvnanda ferruginea consumes a small but significant propobon of the production of its invertebrate prey. Using 2 different methods, 1 calculated rate of food consumption by yellowtail flounder at 3 sites off the New England coast, USA. The bioenergetic method sums the food required to satisfy the metabolic needs of the fish. The second method is based on weight of stomach contents and rate of food evacuation from the stomach. The bioenergetic method gave consistently higher results (1.4 to 1.6 kg fish-' yr-l) than the stomach-content method (0.5 to 0.8 kg fish-' yr-'1. Yellowtail flounder abundance was estimated with a method that uses commercial-catch data to standardize a survey: relative-abundance index. I multiplied consumption rates per fish by flounder density to obtain estimates of consumption per unit area, which range from 1.2 to 6.3 g wet wt m-' yr-'. Annual production of 6 important prey species was calculated from benthic samples collected concurrently at the same sites. Yellowtail flounder consumphon as a percentage of prey production was 6 to 12 %, 2 to 5 %, and 1 to 3 %, for the amph~pods Uncjola inermis, Encthonius fasciatus and Ampelisca agassizi, respectively; 11 to 34 O/O and 7 to 21 O/ O for the polychaetes Chone infundibuliformis and Nephtys incisa, respectively; and less than 1 % for the sand dollar Echinarachnius parma.
INTRODUCTION
Benthic macrofauna are an important link between primary production and fish production in the Georges Bank food web . Ultimately, fish production is limited by food supply but, at present, one can only roughly approximate the extent to which demersal fish utilize available prey. The purpose of this paper is to examine the consequences of predation by the yellowtail flounder Lmanda fermginea on its principal benthic prey species. The basic approach was to estimate the proportion of prey production consumed by yellowtd flounder and to infer from this proportion to what extent the flounder is food-limited and/or whether it regulates the abundance of its benthic prey.
Few studies of this type have been conducted because of the requirement of collecting data on both food habits and benthic production. Two studies in shallow bays on the Swedish west coast (Evans 1984 , Pihl 1985 indicate that epifaunal predators are major biotic regulators of the benthic community. The predators were: juvenile plaice Pleuronectes platessa, 2 sand goby species, Pomatoschistus microps and P. minutus, brown shrimp Crangon crangon, and crab Carcinus maenas. Consumption by this guild of predators accounted for most of the annual production of the following prey: Corophium volutator (67 to 98 ?h), Mya arenana (62 %), Cardium edule (92 %), C. crangon (60 to 80 ' 10) and polychaete species (4 %).
Another method of inferring the consequences of predation is to correlate changes in the abundance of predator and prey populations over time. Arntz (1980) analyzed 8 yr of data on the abundance of macrofauna and demersal fish in the western Baltic Sea. Although fish preyed heavily on benthos, the abundance of one did not appear to depend on the abundance of the other. Persson (1981) inferred, from caging experiments, benthic surveys, and increased growth rate of flatfish, that increased macrobenthic populations in the Baltic Sea resulted from exploitation on the flatfish stocks.
The yellowtail flounder Limanda ferruginea (Storer) is a right-handed, small-mouthed flounder that inhabits the eastern seaboard of North America from Labrador to Chesapeake Bay, between 10 and 100m depth (Bigelow & Schroeder 1953) . I chose the yellowtail flounder for this study because it feeds almost entirely on benthic macrofauna (Langton 1983 , Bowman & Michaels 1984 and is a commercially important species (Clark et al. 1984) , which allows its abundance to be estimated from catch data. Grosslein et al. (1980) used bioenergetic calculations to estimate the annual consumption by 6 fishes on Georges Bank. Yellowtail flounder consumed 2.9 g wet wt m-2 yr-' from 1964 to 1966 and 2.2g wet wt m-2 yr-' from 1973 to 1975. In t h s study I estimated consumption by using the consumption-to-biomass ratio (C/B) of Grosslein et al., and also by using a method based on stomach contents. Prey production rates were calculated from samples collected during the Georges Bank Benthic Infauna Monitoring Program (GBMP).
METHODS
Fish stomachs were collected on a quarterly basis from summer 1982 to spring 1983 on cruises conducted by the Northeast Fisheries Center (NEFC), Woods Hole, Massachusetts, USA. stomach' collection coincided as closely as possible with the dates and locations of benthic sampling conducted as part of the Georges Bank Benthic Infauna Monitoring Program (Battelle & WHO1 1985) . I chose monitoring Stns 5, 10 and 13 for fish-stomach analysis because the yellowtail flounder is relatively abundant at these sites. Stns 5 and 10 are located on the southern flank of Georges Bank at 84 and 60 m depth, respectively. Stn 13 at 69 m depth is located south of Nantucket in the fishing area known a s 'Southern New England'. At each site trawling was conducted within a 5 km square centered at the station coordnates (see Colhe 1985a, b for exact station locations).
At each station, a No. 35 bottom trawl was towed every 3 h, over a 24 h period, in order to investigate d e l feeding behavior. Tow duration was generally 30 rnin at 3.0 to 3.5 knots. At each station and date, the seawater temperature profile was measured by expendable bathythermograph and calibrated by a surface thermometer reading. Fish stomachs were excised at sea, preserved in 10 % formalin in seawater and individually labelled. At the Battelle Laboratory (Duxbury, Massachusetts, USA) each stomach was cut longitudinally and the entire bolus removed and wet-weighted to the nearest l mg after blotting. Stomach contents were sorted to species, which were counted and in&-viduals of each species weighed together. Consumption rate per fish was estimated by 2 methods: one based on bioenergetics and the other on stomach contents. According to the bioenergetic approach, consumption is the amount of food a fish requires to satisfy its total metabolic needs. Consumption (C), in units of weight, can be calculated as:
where growth (G), reproduction (S) and respiration (Q) are all functions of weight. Assuming an assimilation coefficient (a) of 0.8, Grosslein et al. (1980) obtained a mean consumption-to-biomass ratio ( C I B ) of 4.6 yr-' for all ages during the years 1963 to 1972. To determine consumption per fish, I multiplied C/B by the mean weight of yellowtail flounder caught at Stns 5, 10 and 13 (Collie 1985b, Appendix B) .
The stomach-content method of estimating consumption is based on the amount of food in the stomach and its rate of elimination. Durbin et al. (1983) , in reviewing evacuation-rate studes, concluded that an exponential model of gastric evacuation provides a good fit to most experimental data. If one assumes that the ingestion rate is constant over a short sampling interval and that the hourly gastric evacuation rate (r) is proportional to the weight of food in the stomach (S), consumption during each time interval (t) is: 1978) . I calculated the mean stomachcontent weight (S,) from all stomachs (including empty ones) collected in each tow, and used Eqn (2) to calculate consumption during each interval over a 24 h period.
Fish with daily feeding patterns should have the same stomach-content weight at a q v e n time on successive days. In this case daily ration (Cz4) can also be calculated as:
where S = mean stomach-content weight over I d (Eggers 1979) . Eqn (3) is applicable to samples with insufficient stomachs to apply Eqn (2). For each station and date, I calculated the mean stomach-content weight (S) from all stomachs, and used the variance of S to estimate the variance of consumption. Annual consumption was calculated by interpolating between quarterly sampling intervals.
The gastric evacuation rate, r, has been determined for several marine fishes but not for yellowtail flounder. Temperature, food type, food size, meal size and feeding regime all affect gastric evacuation rates (Fange & Grove 1979) ; of these factors, temperature and food type are the most important. Durbin et al. (1983) found that the slopes of the relation between log (r) and temperature (T) were similar for different fishes, but the intercept depended on prey type. For several marine fishes (cod, flounder, menhaden) fed small prey (less than 0.5 g), the relation between r (h-') and T ("C) was: r=0.041 exp (0.111T).
I used this equation and the corresponding bottom temperatures to estimate gastric evacuation rates of yellowtail flounder. To estimate yellowtail flounder density, I applied the C o k e & Sissenwine (1983) method to a 21 yr time series (1963 to 1983) of commercial-catch and research-survey data (Clark et al. 1984) . This method uses the commerical-catch data to smooth the relativeabundance index and estimate a catchabhty coefficient relating the mean catch-per-tow to total population size. Stns 5 and 10 are on Georges Bank and Stn 13 is in the area inhabited by the Southern New England population. As these populations are more or less discrete and their catch statistics are compiled separately, I estimated the size of both populations. Yellowtail flounder consumption per unit area is the consumption rate per fish multiplied by population size and divided by the area of the survey strata in which the population lives (Frank P. Almeida, NEFC, pers. comm.).
Annual production rates of 6 important prey species were determined from benthic samples collected as part of the GBMP (Battelle & WHOI 1985) . Production of 3 amphipod species (Unciola inermis, Ericthonius fasciatus and Ampelisca agassizi] and 1 sand dollar species (Echinarachnius parma) was estimated (Collie 1985a, b) by the growth-increment method (Crisp 1984) . In thls study I also calculated the production of 2 polychaete species, Chone infundibuhformis and Nephtys incisa. Size-frequency distributions of C. infundibuliformis were determined in 5 quarterly samples taken at Stn 13 from July 1982 to July 1983 (Battelle & WHOI 1985 . I used the size-frequency (Hynes) method of estimating production, as modified by Krueger & Martin (1980) , because cohorts are not apparent in these distributions.
In the size-frequency method the size distnbution of an 'average' cohort is obtained by averaging the frequencies in each size class over the year. Production (P) is then calculated as the sum of biomass removed between successive size classes, according to:
where N, = mean number in size class j averaged over the sampling dates; W, = mean weight per individual of size class j; and a = number of size classes. Krueger & Martin (1980) recommended that the geometric mean weight, (w,w,+l)05, be used, because it is more accurate for logarithmic growth patterns. The sizefrequency method, though it does not rely on being able to identify cohorts in the size-frequency distributions, does assume that the average life-span is known. It also assumes that the growth rate is linear, that all individuals could grow to the maximum size and that the year-to-year population size is the same.
According to Wildish & Peer (1983) , Chone infundibuliformis is an annual species; this is consistent with the length-frequency data in Battelle & WHOI (1985) , which suggested that recruitment occurs in spring and early summer. I used a length-weight regression for C. infundibuliformis (Collie 1985b , Table 2 -2) to convert length to weight. Having estimated production of C. infundibuliformis at Stn 13, I used the production-to-biomass ratio (P/B) to estimate production of this species at Stn 5, from which samples of C. infundibdiformis were not measured.
Production of Nephtys incisa at Stn 13 was calculated using P/B estimated from 2 other locations on the East Coast. For Long Island Sound, Sanders (1956) calculated a production rate of 9.35 g wet wt m-2 yr-l and a P/B of 2.16. Off the Delaware coast, N. incisa production was 0.17g AFDW m-2 yr-', and P/B was found to be 2.23 (Howe & Leathem 1984) . I applied these P/B values to the N. incisa mean biomass data from Stn 13.
To calculate yellowtd flounder consumption as a function of prey production it was necessary to partition total consumption by percent cllet composition. I calculated a weighted mean percent of each prey species in the diet and applied these percentages to the overall food consumption rate. Finally I divided the consumption rate for each prey species by the corresponding prey production rate.
RESULTS
A total of 594 yellowtail flounder stomachs were examined; 400 of these contained recognizable food; 194 were empty. Most of the yellowtail flounder were between 26 and 35 cm long, corresponding to an age of 3 yr (Lux & Livingston 1982) . The stomach contents of these fish are tabulated, by numbers and by weight, in Collie (1985b, Appendix B) . At each station and date, a few prey species constituted the bulk of the yellowtail flounder diet. Amphipods dominated the diet numerically; polychaetes were important on a weight basis (Fig. 1) . The mean weights of yellowtail flounder, averaged over the year, caught at Stns 5, 10 and 13 were 348.1, 298.1 and 333.0g (Collie 198513 ) which, when multiplied by 4.6 y -' , give consumption rates of 1.60, 1.37 and 1.53 kg wet wt fish-' yr-l, respectively.
The second method of estimating consumption uses the weights of the stomach boli and sea-bottom temperatures, listed in Table 1 . Typically, the distribution of stomach-content weights is quite skewed with a few of the stomachs containing most of the food. The percentage of empty stomachs, which ranged from 8.3 to 65.4 %, explains some of the variation in mean stomach-content weight among dates and stations. In other words, the high standard deviations of stomachcontent weight are caused not only by how much the fish eat, but also when they feed. In only 2 cases (Aug 1982 and May 1983 at Stn 10) were enough stomachs collected to apply the changein-stomach-content method (Eqn 2). A die1 trend in stomach-content weight is apparent on both sampling dates (Fig. 2) . The large confidence intervals are due, in some cases (e.g. 0840 h/Aug and 1830h/May), to small sample sizes (n = 8 and 7, respectively). In general, the variance of stomach-content weight is high because not a l l fish feed at the same time and there are many empty stomachs at any time of day.
If one ignores the small sample value for 0840h/ August, stomach-content weight is lowest in the morning (0600 to 1200 h) and highest in the evening (1800 to 2400 h). The evacuation rate, as calculated from Eqn (4) and the temperatures in Table 1 The mean-stomach-content method (Eqn 3) is applicable to the cases with smaller sample sizes. Daily ration, estimated from Eqn (3) and the mean stomach-content weights (S) in Table 1 , is plotted in Fig. 3 against time of year. The 95 % confidence intervals include the variance of mean stomach-content weight but not the error in estimating r (gastnc evacuation rate). If this error were known and included, the confidence intervals would be even larger. As expected, for August 1982 and May 1983 at Stn 10, the consumption rates obtained by the change-lnstomach-content method are identical to those obtained by the mean-stomach-content method.
No clear seasonal trend in consumption rate is apparent in Fig. 3 . According to Eqn (2), daily ration is the product of mean stomach-content weight and evacuation rate. Because the evacuation rate is a function of temperature, it is higher in summer and fall than in winter and spring. Consumption at Stns 5 and 10 was highest in summer and fall owing to the warm temperatures, while consumption at Stn 13 was lowest in summer and fall because of the low stomach-content weights. Among-station differences in consumption rates were insignificant (p>0.1) as tested by 2-way ANOVA without replication. Annual consumption, corresponding to the area under each line in Fig. 3 , was 0.824, 0.605, and 0.477 kg wet wt fish-' yr-' at Stns 5, 10 and 13, respectively. Because of the large variance of daily ration, these values are not statistically different from one another, but they are about half or less than half the consumption rates estimated by the bioenergetic method (Table 2) .
Observed and estimated relative abundance of yellowtail flounder is plotted, for the Georges Bank and Southern New England populations, in Fig. 4 & 5. Population size is obtained by dividing the estimated relative-abundance index by the catchability coefficient. The population estimates, for fall 1982, are 64.9 mdlion fish for Georges Bank and 117.0 million fish for Southern New England.
These population estimates apply to an area bounded by the 100 m isobath because yellowtail flounder are rarely caught below this depth (Lux & Livingston 1982) . I summed the areas of the appropriate survey strata for each of the 2 flounder populations. The survey strata corresponding to the Georges Bank population cover an area of 32 329 km2, and yellowtail flounder density on Georges Bank in fall 1982 was thus 20.1 fish ha-'. For the Southern New England population, the corresponding survey strata cover a total area of 28 294 m*, giving a 1982 y.ellowtad flounder density of 41.3 fish ha-'. To calculate consun~ption rate per unit area, I multiplied these density estimates by the consumption rate per fish, using the estimates based on stomach contents as lower ranges of consumption and the estimates based on bioenergetics as upper ranges (Table 2) .
Annual production rates of 6 important prey species are listed in Table 3 . Using the appropriate body composition data, I converted the production data for the sand dollar Echinarachnius parrna (Battelle & WHO1 1985) from units of dry weight to wet weight. Sizefrequency data for Chone infundibuliforrnis at Stn 13 (Table 4) . I used the P/B value of 2.83 yr-' from Stn 13 to estimate Chone infundibuliformis production at Stn 5 (for which size measurements were not made). The mean biomass at Stn 5, 0.47 g wet wt m-2, was multiplied by 1.15, to account for weight loss due to preservation of the worms in alcohol, and then multiplied by P/B to obtain the production estimate of 1.52 g wet wt m-2 yr-l. The same approach was used to estimate production of Nephtys incisa at Stn 13. Again, I multiplied the mean biomass, 2.29 g wet wt m-', by 1.15 and by the mean of the P/B values determined by Sanders (1956) and Howe & Leathem (1984) .
Consumption as a percentage of prey production was highest for the 2 polychaete species, intermediate for the 3 amphipod species and insignificantly low for the (1983) sand dollar. The 6 prey species for which consumption was estimated were all important in the yellowtail flounder diet on a weight basis (Fig. 1) . These diet composition data, converted to percentages (Table 3) , were used to partition the consumption per unit area for each station (Table 2) . Finally, the consumption rate of each species was divided by the corresponding prey production rate to obtain the final column of Table 3 .
DISCUSSION
The die1 pattern in stomach-content weight (Fig. 2) is consistent with that reported in 2 previous studies of yellowtail flounder food habits (Bowman 1980, Lang- 6.60 g m-' yr-' Biomass:
2.34 g m-' Production/biornass: 2.82 yr-' ton 1983). In both studies stomach-content weight was highest between 1800 and 2100 h, decreased from 2100 to 0300h and was lowest from 0300 to 1200h. Thus yellowtail flounder are daytime feeders with peak food consumption in the afternoon to early evening. Some flounder probably feed at a slower rate throughout the day and night. In the evening, stomach contents accumulate faster than they are digested, resulting in the stomach-content weight maximum. The change-in-stomach-content method (Eqn 2) of estimating consumption is equivalent to the meanstomach-content method (Eqn 3) provided that stomach-content weight is roughly the same at the beginning and end of the feeding cycle. In my study, the assumption of a die1 feeding pattern was fulfilled and the 2 methods produced similar results in the 2 cases to which both were applied. This justified the use of the mean-stomach-content method in cases with small sample sizes.
Compared to consumption rates of other North Atlantic fishes (Collie 1985131 , especially those of winter flounder, the bioenergetic estimate for yellowtail flounder does not seem too hlgh. The C/B value calculated by Grosslein et al. (1980) is a weighted mean over all ages for the years 1963 to 1972. The age distribution has not changed much since then (Clark et al. 1984 ) so the C/B value remains appropriate to 1982 consumption. A 3 yr old yellowtail flounder will grow about 175 g in 1 yr. If growth efficiency is 15 %, 1.2 kg of food would be required for growth alone. Viewed in this light, the stomach-content consumption estimates seem too low. A partial explanation of the low estimates is that the fish stomachs were fixed in formalin and transferred to alcohol before the contents were weighed, but this bias would only account for a 15 % weight loss (Mdls et al. 1982) . Another possibility is that the evacuation rate is underestimated by Eqn (4).
A major problem in relating fish consumption to benthic production is the scale of sampling. The estimates of flounder abundance apply to all of Georges Bank, while the prey production rates are based on 0.5m2 of sea bottom. Although the survey catch per tow is tabulated stratum by stratum, there is no obvious way of weighting the Colhe & Sissenwine (1983) method in order to estimate fish abundance in one particular stratum. The population abundances based on catch statistics cannot be gross overestimates because there must have been at least as many yellowtail flounder as the number caught commercially.
In analyzing a compartmental energy budget of the Georges Bank ecosystem, Sissenwine (1984) found that fish as a group consume 30 to 50 % of the production of their potential prey. He concluded that food probably limits production of some species or life stages, and in particular, food may have been limiting when fish biomass was higher, prior to overfishing. If food is limiting, density-dependent growth, as observed in haddock (Grosslein et al. 1980) , is likely.
From the results in Table 3 we can infer that food consumption by yellowtail flounder is not limited by prey production because there is excess prey production not utilized by flounder. However, yellowtail flounder population size was much lower from 1981 to 1983 compared to the earlier period, 1963 to 1965 (Fig.  4 & 5) . The flounder population is especially reduced on Georges Bank; in the Southern New England area, flounder abundance has increased thanks to the strong 1980 year class.
Using my population estimates I calculated consumption by flounder in 1963 as 6.0 to 11.7g wet wt m-2 yr-' at Stn 5 and 3.7 to 11.7 g wet wt m-' yr-' at Stn 13. My estimates are higher than those of Grosslein et al. (1980) because of revised population estimates and because, in calculating flounder density, I used the area of strata where yellowtail flounder are caught instead of the entire area of Georges Bank. At the 1963 population levels, if consumption rates per fish and prey-production rates equalled 1982 levels, the con-sumption rates in Table 3 would be increased by a factor of 3.6 at Stn 5 and by 1.8 at Stn 13. Given these assumptions, yellowtail flounder would consume up to 50 % of the annual production of the prey species in Table 3 ; at these consumption levels, prey production could Limit feeding.
If yellowtail flounder feeding were limited by prey production, one would expect Persson's (1981) hypothesis for the Baltic Sea to apply to Georges Bank. This hypothesis states that a s flounder abundance decreases, individual growth rates should increase because of decreased competition for food, and the biomass of benthic macrofauna should increase. To test the growth-rate hypothesis, I plotted mean length-at- (Fig. 6) . Mean lengths are shown for ages 1, 2 and 3 only, because the sample sizes of older ages were too small to calculate reliable means. Especially for age 1 fish, mean lengths-at-age were higher from 1974 to 1983 when flounder were less abundant, and lower from 1963 to 1973 when flounder were more abundant. This is consistent with the growth-rate hypothesis but there is a good deal of year-to-year variabihty not explained by density-dependent growth. Although several Georges Bank surveys have measured benthic biomass (e.g. Wigley 1968 , Michael et al. 1983 , Battelle & WHO1 1985 , a direct comparison of the results is hampered by the fact that different stations were sampled and different methods were used on each survey. One problem with wet-weight biomass data is that a few large species with hard parts, such as Arctica islandica and Echinarachnius parma, completely dominate the biomass when present. Even if the weights of these large species are excluded, methodological differences preclude a valid comparison among benthic surveys. On more recent surveys, increasingly finer sieves, which retain more animals, have been used. Biomass may thus appear to increase regardless of real changes ir? the benthos.
The results in Table 3 show that yellowtail flounder consume a small but significant proportion (up to 33 '10) of the production of important prey species. To some extent, flounder may thus regulate the abundance of benthic macrofauna. The remaining portion of prey production, not eaten by flounder, is probably consumed by other demersal fish and invertebrate species. A number of fishes, such as haddock Melanogrammus aeglefinus, eat amphipods; others, such as cod Gadus morhua, feed on amphipods as juveniles, switching to larger prey as adults. Ampelisca spp., Unciola spp. and Encthonius spp. are among the most numerous prey of these fishes (Bowman & Michaels 1984) .
For the polychaete feeders, including haddock and witch flounder Glyptocephds cynoglossus, worms of the families Sabellidae, Nephtyidae and Lumbrineridae are important prey. The American plaice Hippoglossoides platessoides specializes in eating the sand dollar Echnarachnius parma. Although the diets of these fishes are well documented, consumption rates and abundances can be calculated only for a few of them. The combined predation by this guild of benthic-feeding fish should be substantially more than that of yellowtail flounder alone. Together, these predators could regulate the abundance of their benthic prey.
